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Abstract
Bacteria within communities can interact to organize their behavior. It has been unclear whether 
such interactions can extend beyond a single community to coordinate the behavior of distant 
populations. We discovered that two Bacillus subtilis biofilm communities undergoing metabolic 
oscillations can become coupled through electrical signaling and synchronize their growth 
dynamics. Coupling increases competition by also synchronizing demand for limited nutrients. As 
predicted by mathematical modeling, we confirm that biofilms resolve this conflict by switching 
from in-phase to antiphase oscillations. This results in time-sharing behavior, where each 
community takes turns consuming nutrients. Time-sharing enables biofilms to counterintuitively 
increase growth under reduced nutrient supply. Distant biofilms can thus coordinate their behavior 
to resolve nutrient competition through time-sharing, a strategy used in engineered systems to 
allocate limited resources.
Biological systems often experience resource limitation (1–7). One strategy typically used in 
engineered systems to cope with such challenges is known as time-sharing (8, 9), in which 
users take turns consuming resources. Time-sharing requires competing systems to vary 
their state in time and coordinate their dynamics. In general, coordination only arises from 
interactions such as communication among functional units (e.g., cells) to direct systems 
behavior. For example, bacteria within a population can communicate through various 
mechanisms, including quorum sensing and electrical cell-to-cell signaling mediated by ion 
channels (10–15). However, it has been unclear whether distinct populations of bacteria can 
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act as functional units and whether cell-to-cell interactions can extend to couple distant 
populations. We investigated whether two bacterial biofilm communities can coordinate their 
growth dynamics to engage in time-sharing and resolve competition for limited resources.
We studied Bacillus subtilis biofilm communities that engage in collective growth-rate 
oscillations in response to glutamate starvation (5). Oscillations are driven by a spatially 
extended negative feedback loop, where growth of the biofilm results in glutamate stress 
within the interior, and this stress, in turn, interferes with biofilm growth (Fig. 1A and fig. 
S1) (5). Coordination of these growth-rate oscillations within a biofilm are facilitated by 
potassium ion channel–mediated electrical cell-to-cell signaling (15). Because these long-
range electrical signals have been shown to extend beyond the biofilm (16), we hypothesized 
that neighboring biofilms could potentially affect each other’s growth rates. Such biofilms 
would then also compete directly for nutrients in the shared environment. Therefore, biofilm 
pairs could be coupled through two basic mechanisms—namely, communication and 
competition for nutrients (Fig. 1A).
To investigate coupling between biofilms, we used a large (3 mm by 3 mm by 6 μm) 
microfluidic chamber that can accommodate the growth of two oscillating biofilms separated 
by ~2 mm (Fig. 1B). Biofilms were cultured using standard MSgg biofilm-promoting media 
(17, 18) (glycerol and glutamate as the main carbon and nitrogen sources, respectively) and 
at a steady flow rate (24 μm/s). We used time-lapse phase-contrast microscopy to directly 
measure colony expansion rate. Electrical signaling dynamics of each biofilm were 
measured using the fluorescent cationic dye thioflavin T (ThT), which acts as a Nernstian 
voltage indicator of bacterial membrane potential (19) (Fig. 1C). As reported previously, 
growth-rate and ThT oscillations are anticorrelated (Fig. 1, D and E) and can be used 
interchangeably to characterize biofilm dynamics. Our measurements revealed that two 
distant biofilms can exhibit synchronized oscillations in both growth rate and electrical 
signaling (Fig. 1, C to E, and movie S1). The average phase difference between oscillating 
biofilm pairs was 0.06 ± 0.07 π (SD; n = 10 experiments), and it persisted during the course 
of the experiment (~10 hours). The observed synchronization suggests not only that two 
distant biofilms can interact, but also that collective oscillations in each of the two biofilms 
can become coupled (fig. S2, A and C).
We turned to mathematical modeling to examine how the interplay between competition and 
communication determines synchronization between two oscillating biofilms. Specifically, 
we modeled the biofilms as two coupled phase oscillators (20–24) to represent their growth 
dynamics (fig. S3 and supplementary text). We explicitly modeled competition for 
glutamate, which is used as a nitrogen source in the medium and is required for biofilm 
growth. The biofilms were also assumed to communicate through known electrical signaling 
during periods of metabolic stress, which can also couple their growth dynamics (5, 15). 
Furthermore, we assumed that communication increases with the concentration of glutamate 
in the medium, because the activity of the potassium ion channel underlying electrical 
signaling is regulated by glutamate availability (15). With these assumptions, the 
mathematical model could predict synchronization between two biofilms as a function of 
glutamate concentration and communication strength.
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The model additionally predicted antiphase oscillations at lower glutamate concentrations in 
the medium as a result of enhanced competition (Fig. 2A and fig. S4C). In particular, 
enhanced competition increases the tendency of the biofilms to halt their growth. 
Stochastically, one of the biofilms will start this process before the other. This allows the 
second biofilm to postpone halting its own growth, thus increasing the phase difference 
between the biofilms. This process destabilizes the in-phase dynamics, leading to antiphase 
oscillations (fig. S4C). In contrast, higher concentrations of glutamate promote in-phase 
oscillations through stronger communication (fig. S3). In this case, enhanced 
communication forces the two biofilms to share their stress state, leading to synchronized 
phases (fig. S4B). Thus, depending on the balance between competition and communication, 
the system of coupled biofilms is predicted to have two attractor states corresponding to in-
phase or antiphase oscillations.
We experimentally tested these predictions by measuring the synchronization between pairs 
of oscillating biofilms growing under a steady supply of regular (30 mM) or reduced (by 
25%) concentrations of glutamate. As predicted, we found in-phase oscillations at regular 
concentrations of glutamate [Fig. 2B (top), figs. S5B and S6, and movie S2] and 
approximately antiphase oscillations at lower glutamate concentrations [Fig. 2B (bottom); 
figs. S2B, S2C, S5A, and S6; and movie S3]. Therefore, glutamate limitation is sufficient to 
induce changes in the synchronization between two biofilms.
The model also predicted that the transition from in-phase to antiphase oscillations depends 
on communication strength [Fig. 2A (right), fig. S4, and supplementary text]. Electrical 
signaling in B. subtilis biofilms is mediated by the YugO ion channel, which is gated by a 
TrkA domain (25–27). To test the effect of communication strength, we used a previously 
characterized truncated YugO potassium ion channel that lacks the TrkA gating domain 
(ΔtrkA). Whereas a complete deletion of the YugO ion channel interferes with biofilm 
formation (15, 25), the truncated version lacking the TrkA gating domain simply decreases 
the transmission efficiency of electrical signaling without abolishing it completely (15). 
Such reduced communication within a biofilm may also reduce synchronization between 
two biofilms. The model predicted that for lower communication strengths, higher glutamate 
concentrations are needed to reach in-phase oscillations between biofilms [Fig. 2A (right) 
and fig. S4E]. Indeed, ΔtrkA mutant biofilms did not synchronize at regular or 50%-
increased concentrations of glutamate [Fig. 2C (bottom) and figs. S5C, S6, and S7]. As 
predicted, when glutamate concentrations were doubled, we observed in-phase oscillations 
between mutant biofilms [Fig. 2C (top) and figs. S5D and S6]. Thus, the transition from in-
phase to antiphase oscillations also depends on the communication between biofilms.
The model predicted that the transition to antiphase dynamics depends on competition 
strength as well [Fig. 2A (left)]. Accordingly, we constructed a mutant strain that cannot 
synthesize its own glutamate and thus has a higher demand for externally supplied 
glutamate. Specifically, we disrupted the gltA gene encoding glutamate synthase. This 
enzyme allows cells to synthesize two glutamate molecules by combining one molecule of 
glutamine and one of a-ketoglutarate (fig. S8) (28). Consequently, two ΔgltA biofilms 
should experience higher competition for glutamate compared with wild-type biofilms. As 
predicted, ΔgltA biofilms failed to synchronize under baseline glutamate concentrations 
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[Fig. 2D (bottom)], at which the wild-type biofilms readily synchronized. Glutamate 
concentration had to be increased by 25% to generate the predicted in-phase oscillations 
between ΔgltA biofilms [Fig. 2D (top)]. The synchronization dynamics between two 
biofilms thus also depend on nutrient competition. Together, perturbations to communication 
and competition strength between biofilms confirm the mathematically predicted three-
dimensional phase diagram that defines the regions where two biofilms oscillate in phase 
versus in antiphase (Fig. 2E).
We tested whether the observed antiphase dynamics that would allow time-sharing provided 
a benefit for biofilm growth. In the case of in-phase oscillations, each biofilm would 
effectively obtain only half of the available resources (resource-splitting) during its growth 
phase (Fig. 3A). In contrast, time-sharing would allow each biofilm to take turns in having 
access to all the resources supplied at a constant rate (Fig. 3A). Counterintuitively, biofilm 
growth would thus increase when nutrient supply is low, because a reduction in the 
concentration of glutamate promotes the transition to time-sharing. Our mathematical model 
indeed predicted greater biofilm growth when glutamate concentrations were reduced by 
25% (Fig. 3B and supplementary text).
We experimentally tested the prediction that reduced concentrations of glutamate would 
improve biofilm growth through time-sharing. We first confirmed the basic expectation that 
two in-phase biofilms compete for nutrients by showing that their time-averaged growth 
rates are slower compared with that of a single biofilm [Fig. 3C (1× glutamate) and fig. S9]. 
We also verified that the growth rate of a single biofilm is slower at reduced concentrations 
of glutamate [Fig. 3C (gray line)]. In contrast to the case for a single biofilm, two biofilms 
growing at lower glutamate concentrations had a faster average growth rate than two 
biofilms growing at higher glutamate concentrations [Fig. 3C (black line)]. Observing a 
faster growth rate for biofilms growing under lower glutamate concentrations is unexpected, 
yet it can be explained by the switch from resource-splitting to time-sharing. At higher 
glutamate concentrations, in-phase nutrient consumption leads to direct competition and 
resource-splitting. In contrast, at lower concentrations of glutamate, biofilms consume 
nutrients at different times, and the resulting time-sharing of resources promotes growth. 
Accordingly, the observed difference in growth rates is accounted for by the phase difference 
between the biofilms (Fig. 3D). These results demonstrate the benefit of time-sharing and 
reveal that the average growth rate of biofilms is defined not exclusively by absolute nutrient 
concentrations, but also by the resource-sharing strategy between biofilms.
Our data show that bacteria appear to resolve conflicts that arise from competition for 
resources between distant communities. It remains unclear why biofilms would synchronize 
their growth in the first place. The fitness benefit of communication among bacteria that 
allows coordination within a biofilm may bring with it the cost of synchronization between 
communities. This communication cost may not be restrictive when nutrient concentrations 
are sufficiently high, but it could be detrimental when the concentration of nutrients is too 
low. Our results show that glutamate-dependent modulation of competition and 
communication allows biofilms to alleviate this cost by engaging in time-sharing when 
nutrients become more limited. It remains to be determined in future studies whether two 
biofilms formed by different bacterial species can also engage in time-sharing, or whether 
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this behavior is limited to kin populations, owing to evolutionary incentives. From another 
perspective, time-sharing is a common strategy in computer science to share computing 
resources between users (8, 9). This connection between engineered and natural systems 
may in the future allow us to utilize time-sharing in synthetic biology applications focusing 
on interactions not only within, but also between, communities.
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Acknowledgments
We thank M. Asally, T. Çağatay, M. Elowitz, T. Hwa, S. Lockless, K. Süel, M. Vergassola, and R. Wollman for 
comments during the writing of the manuscript. This work was in part supported by the San Diego Center for 
Systems Biology (NIH grant P50 GM085764), the National Institute of General Medical Sciences (grant R01 
GM121888 to G.M.S.), the Defense Advanced Research Projects Agency (grant HR0011-16-2-0035 to G.M.S.), the 
Howard Hughes Medical Institute–Simons Foundation Faculty Scholars program (to G.M.S.), a Simons Foundation 
Fellowship of the Helen Hay Whitney Foundation (to A.P.), a Career Award at the Scientific Interface from the 
Burroughs Wellcome Fund (to A.P.), the Spanish Ministry of Economy and Competitiveness and FEDER 
(European Regional Development Fund) (project FIS2015-66503-C3-1-P, to J.G.-O.), the Generalitat de Catalunya 
(project 2014SGR0947, to J.G.-O.), the ICREA (Catalan Institution for Research and Advanced Studies) Academia 
program (to J.G.-O.), the “Maria de Maeztu” Programme for Units of Excellence in Research and Development 
(Spanish Ministry of Economy and Competitiveness, grant MDM-2014-0370 to J.G.-O.), the La Caixa foundation 
(to R.M.-C.), and a doctoral grant from the Formacion del Profesorado Universitario program of the Ministerio de 
Educacion, Cultura y Deportes, Spain (to M.G.-S.).
REFERENCES AND NOTES
1. Xavier JB, Foster KR. Proc Natl Acad Sci USA. 2007; 104:876–881. [PubMed: 17210916] 
2. Hibbing ME, Fuqua C, Parsek MR, Peterson SB. Nat Rev Microbiol. 2010; 8:15–25. [PubMed: 
19946288] 
3. Celiker H, Gore J. Mol Syst Biol. 2012; 8:621. [PubMed: 23149686] 
4. Harcombe WR, et al. Cell Rep. 2014; 7:1104–1115. [PubMed: 24794435] 
5. Liu J, et al. Nature. 2015; 523:550–554. [PubMed: 26200335] 
6. Kragh KN, et al. MBio. 2016; 7:e00237. [PubMed: 27006463] 
7. Nadell CD, Drescher K, Foster KR. Nat Rev Microbiol. 2016; 14:589–600. [PubMed: 27452230] 
8. Bemer R. Autom Control Mag. 1957; 1957:66–69.
9. Strachey, C. Information Processing: Proceedings of the International Conference on Information 
Processing, Paris, 15 to 20 June 1959; Oldenbourg, Munich. 1959; p. 336-341.
10. Dunny GM, Leonard BAB. Annu Rev Microbiol. 1997; 51:527–564. [PubMed: 9343359] 
11. Davies DG, et al. Science. 1998; 280:295–298. [PubMed: 9535661] 
12. Shapiro JA. Annu Rev Microbiol. 1998; 52:81–104. [PubMed: 9891794] 
13. Waters CM, Bassler BL. Annu Rev Cell Dev Biol. 2005; 21:319–346. [PubMed: 16212498] 
14. Dietrich LEP, et al. J Bacteriol. 2013; 195:1371–1380. [PubMed: 23292774] 
15. Prindle A, et al. Nature. 2015; 527:59–63. [PubMed: 26503040] 
16. Humphries J, et al. Cell. 2017; 168:200–209.e12. [PubMed: 28086091] 
17. Branda SS, González-Pastor JE, Ben-Yehuda S, Losick R, Kolter R. Proc Natl Acad Sci USA. 
2001; 98:11621–11626. [PubMed: 11572999] 
18. Asally M, et al. Proc Natl Acad Sci USA. 2012; 109:18891–18896. [PubMed: 23012477] 
19. Plásek J, Sigler K. J Photochem Photobiol B. 1996; 33:101–124. [PubMed: 8691353] 
20. Takamatsu A, Fujii T, Endo I. Phys Rev Lett. 2000; 85:2026–2029. [PubMed: 10970674] 
21. Kuramoto, Y. Chemical Oscillations, Waves, and Turbulence. Dover Publications; 2003. 
Liu et al. Page 5













22. Pikovsky, A., Rosenblum, M., Kurths, J. Synchronization: A Universal Concept in Nonlinear 
Sciences. Cambridge Univ Press; 2003. 
23. Hong H, Strogatz SH. Phys Rev Lett. 2011; 106:054102. [PubMed: 21405399] 
24. Chen C, Liu S, Shi XQ, Chaté H, Wu Y. Nature. 2017; 542:210–214. [PubMed: 28114301] 
25. Lundberg ME, Becker EC, Choe S. PLOS ONE. 2013; 8:e60993. [PubMed: 23737939] 
26. Cao Y, et al. Nature. 2013; 496:317–322. [PubMed: 23598339] 
27. Roosild TP, Miller S, Booth IR, Choe S. Îll. 2002; 109:781–791.
28. Gunka K, Commichau FM. Mol Microbiol. 2012; 85:213–224. [PubMed: 22625175] 
Liu et al. Page 6













Fig. 1. Distant biofilms synchronize their growth dynamics
(A) Individual biofilms undergo metabolic oscillations that periodically halt growth. The 
metabolic oscillations are facilitated by electrical communication, which can extend beyond 
one biofilm to couple distant biofilms (cyan signals). In addition, two biofilms can also be 
coupled through competition for nutrients (red arrows). (B) Schematic depicting two 
biofilms grown on the two sides of a microfluidic chamber, with steady media flow. Purple 
and orange rectangles represent regions shown in (C). (C) Filmstrip showing the edges of a 
biofilm pair over time. Cyan indicates fluorescence of thioflavin T (ThT), a cationic 
fluorescent dye that reports membrane potential within the biofilm. Scale bar, 50 μm; h, 
hours. (D) Growth-rate oscillation measured by the expansion speed of biofilm edges shown 
in (C). (E) Membrane-potential oscillation measured from the mean ThT fluorescence at 
biofilm edges shown in (C).
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Fig. 2. Synchronization between biofilms is governed by communication and competition
(A) Phase diagrams computed using a mathematical model of coupled phase oscillators 
show in-phase (green shading) and antiphase (red shading) oscillations. The colored dots 
indicate the experimental validations shown in the following panels. (B to D) Experimental 
results for wild-type (WT) (B), ΔtrkA (C), and ΔgltA (D) biofilms. For each strain, the 
biofilm pairs showed in-phase (phase difference of ~0) oscillations at high glutamate (glu) 
concentrations and antiphase (phase difference of ~p) oscillations at low glutamate 
concentrations. In each panel, the filmstrip shows the membrane-potential oscillation of a 
representative biofilm pair (scale bars, 50 μm), with corresponding time traces (color-coded 
by biofilm). The scatterplots show membrane potentials of biofilm pairs (n = 3 experiments 
per plot, one dot per time point). (E) Three-dimensional phase diagram summarizing model 
predictions and experimental validations. The gray-shaded surface depicts the boundary 
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between regions of in-phase and antiphase oscillations. The black and cyan lines indicate the 
corresponding two-dimensional phase diagram boundaries shown in (A).
Liu et al. Page 9













Fig. 3. Time-sharing resolves nutrient competition between biofilms
(A) Antiphase oscillations (time-sharing) allow each biofilm to take turns accessing the full 
quantity of supplied nutrients during its growth phase. In contrast, in-phase oscillations 
(resource-splitting) only allow half of the supplied nutrients to each biofilm during its 
growth phase. (B) Model prediction and (C) experimental validation of the average growth 
rate for a single biofilm (gray line) and for a biofilm pair (black line) at different glutamate 
concentrations. a.u., arbitrary units. (D) Biofilm growth rate is determined by the phase 
difference between biofilm pairs. Pairs of wild-type (solid line), ΔtrkA (dashed line), and 
Liu et al. Page 10













ΔgltA (dotted line) biofilms all showed faster growth with antiphase oscillations (time-
sharing) than with in-phase oscillations (resource-splitting). The color shading indicates 
glutamate concentration. Error bars represent SEM (n = 3 experiments).
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